We demonstrate micromachined reconfigurable metamaterials working at multiple frequencies simultaneously in the terahertz range. The proposed metamaterial structures can be structurally reconfigured by employing flexible microelectromechanical system-based cantilevers in the resonators, which are designed to deform out of plane under an external stimulus. The proposed metamaterial structures provide not only multiband resonance frequency operation but also polarization-dependent tunability. Three kinds of metamaterials are investigated as electric split-ring resonator (eSRR) arrays with different positions of the split. By moving the position of the split away from the resonator's center, the eSRR exhibits anisotropy, with the dipole resonance splitting into two resonances. The dipole-dipole coupling strength can be continuously adjusted, which enables the electromagnetic response to be tailored by adjusting the direct current (DC) voltage between the released cantilevers and the silicon substrate. The observed tunability of the eSRRs is found to be dependent on the polarization of the incident terahertz wave. This polarization-dependent tunability is demonstrated by both experimental measurements and electromagnetic simulations. Keywords: MEMS; reconfigurable metamaterials; split-ring resonator; terahertz; tunability INTRODUCTION Electromagnetic waves in the terahertz (THz) frequency range have received tremendous attention due to their various advantages. Much research has been carried out to characterize the interactions of these waves with matter, for which potential applications include medical imaging, security screening and non-destructive evaluation. However, there are still several restrictions that limit the full exploitation of fruitful applications covering the THz region due to the lack of an appropriate response at these frequencies for many naturally existing materials. [1] [2] [3] [4] As artificially structured electromagnetic materials, metamaterials have been extensively investigated for the possibility of creating novel electromagnetic properties that are not available in natural materials, such as a negative refractive index, superlensing and cloaking.
INTRODUCTION
Electromagnetic waves in the terahertz (THz) frequency range have received tremendous attention due to their various advantages. Much research has been carried out to characterize the interactions of these waves with matter, for which potential applications include medical imaging, security screening and non-destructive evaluation. However, there are still several restrictions that limit the full exploitation of fruitful applications covering the THz region due to the lack of an appropriate response at these frequencies for many naturally existing materials. [1] [2] [3] [4] As artificially structured electromagnetic materials, metamaterials have been extensively investigated for the possibility of creating novel electromagnetic properties that are not available in natural materials, such as a negative refractive index, superlensing and cloaking.
1- 4 The electric permittivity and magnetic permeability of metamaterials can be designed for desired specifications and can be scaled to operate over nearly the entire electromagnetic spectrum. These artificial materials could find potential applications in the development of novel THz devices, which is traditionally difficult to achieve due to the absence of suitable functional sources and detectors. [5] [6] [7] [8] [9] Due to the limitations of fabrication and characterization technology, [10] [11] [12] investigations of metamaterial-based devices were initially implemented in the microwave frequency range. Metamaterials that operate in the THz range have attracted intense interest along with the advancement of fabrication technologies. 7, [13] [14] [15] Inspired by the realization of tunability, the research on metamaterials has been extended from the structural design of a specific electromagnetic response to reconfigurable THz metamaterial devices with a broad working bandwidth. 16, 17 To realize tunability in metamaterials, various approaches have been demonstrated to vary effective electromagnetic properties via laser light illumination, 17, 18 external magnetostatic fields, 19 external bias voltages, 16, 20, 21 electrical or thermal effects in liquid crystals [22] [23] [24] [25] [26] [27] [28] and nonlinear effects of resonators or subtrates. 16, 17, [29] [30] [31] [32] [33] [34] [35] [36] Alternatively, structural reconfiguration is a novel and straightforward method for controlling the electromagnetic properties, including the amplitude, polarization and directionality of the metamaterial structures. The properties of metamaterials can be directly modified by reconfiguring the fundamental building block of the metamaterial. Using microelectromechanical system (MEMS) technology, tunable metamaterials have been demonstrated. [37] [38] [39] [40] [41] The geometric dimensions of metamaterial structures designed for THz operations are on the order of tens of microns or even smaller for higher frequencies. Therefore, geometrically altered metamaterial unit cells based on MEMS-actuated structures are promising for unprecedented tunability and may overcome the limitations of the constituent materials. 38, [42] [43] [44] [45] [46] [47] In addition, dual-band and multiband metamaterials with negative permeability property have recently been investigated. 30, [48] [49] [50] Metamaterials with multiple-resonance excitation provide more potential for designing complex and powerful optical devices. In this work, we present multiband metamaterials using a MEMS-based alternative electric split-ring resonator (eSRR). Differing from MEMS-based metamaterial structures using an in-plane comb drive actuator produced by deep reactive ion etching, 40, 42 we incorporated MEMS-based bimorph cantilevers into the unit cell of the eSRR, where such bimorph cantilevers deflect toward the out-of-plane direction. The proposed MEMS-based metamaterial structures are geometrically reconfigurable and can be easily scaled by electrically reconfiguring the metamaterial unit cells. Furthermore, the upward-bending bimorph cantilevers can result in out-of-plane tunable metamaterials without the need for complicated fabrication processes. 51 Using the electrostatic actuation mechanism, the bending degree of the MEMS-based bimorph cantilevers can be dynamically adjusted to achieve a tunable electromagnetic response in eSRR metamaterials, i.e., resulting in not only multiband resonance frequency operation but also polarizationdependent tunability. Multiband properties are desirable in this phenomenon for creating multifunctional devices for several potential applications. For instance, our proposed dynamically tunable metamaterials are highly desirable for THz applications in high-sensitivity sensing, tunable filtering, switching, frequency-selective detection, multi-spectral imaging, etc. Figure 1a shows the eSRRs used in the proposed metamaterial structures. The classical eSRR structure shown in Figure 1a is considered as a composite of two rings with a common 'split'. An inductive effect is attributed to the current induced in the eSRR rings as well as a capacitive effect across the 'split'. 7 Therefore, the eSRR can be qualitatively described in terms of its equivalent circuit. 7 A capacitor-like 'split' structure regarded with a capacitance (C) couples to the electric field, and the two rings of the eSRR provide an inductance (L) to the circuit, so the resonant frequency of the circuit model is v~ffi ffiffiffiffiffiffiffiffiffiffi 2=LC p . Hence, the resonance frequency of the eSRR can be changed either by varying the dimensions of the rings to alter the qualitative inductance or by varying the split to adjust the qualitative capacitance. The dimensional parameters of the eSRR are shown in Figure 1a with length L580 mm, beam width W54 mm, split wall width G520 mm and a split gap width of 4 mm. The position of the split is represented by the length l of the split gap-bearing side of the eSRRs. In this study, two new kinds of eSRRs are proposed by changing the position of the 'split' from the eSRR's center to its edge. These two modified eSRRs are expected to exhibit different transmission characteristics compared to the classical eSRR. For brevity, the eSRRs with different split positions are referred to as eSRR01, eSRR02 and eSRR03 for l530, 48 and 67 mm, respectively. The electromagnetic tunability of these eSRRs is achieved by incorporating MEMS-based bimorph cantilevers with an adjustable height h, as shown in Figure 1b . The capacitance of the eSRR structure depends on the height of the cantilever. Various actuation methods can be utilized to adjust the position of the cantilever. Here, electrostatic actuation is investigated for actuating the bimorph cantilever. Figure 1b-1d shows the unit cell of the eSRRs, with the released bimorph cantilevers bending upwards due to the tensile stress of the cantilever after they are released from the substrate. A two-dimensional eSRR array with a period of 120 mm is formed by electrically connecting individual eSRRs using conducting metal lines. As an example, a chained eSRR02 array is schematically depicted in Figure 1e . The metal lines connecting the individual eSRRs provide electrical connectivity for performing electrostatic operations throughout the entire eSRR array. Depending on whether the incident electric field is perpendicular or parallel to the connecting metal lines, the incident THz wave is of extraordinary polarization (e-polarization) or ordinary polarization (o-polarization), 16 as shown in Figure 1e .
MATERIALS AND METHODS

Schematic
Fabrication
The proposed structurally reconfigurable metamaterials, consisting of a two-dimensional square-lattice array of eSRRs with a unit cell of 1203120 mm 2 , are fabricated by a Complementary Metal-Oxide Semiconductor (CMOS)-compatible process, followed by a micromachining release step using vapor hydrofluoric acid (VHF), as shown in Figure 2 . During the fabrication process, two masks are used to enable structure anchoring and eSRR array patterning. The fabrication starts with low-pressure chemical vapor deposition of a 100-nm-thick silicon oxide (SiO 2 ) on a standard p-doped silicon wafer with a resistivity of 0.05,3 V m. The SiO 2 layer is then etched with reactive ion etching to anchor the structure using the first mask, as shown in Figure 2b . Secondly, a 20-nm-thick aluminum oxide (Al 2 O 3 ) layer and a 500-nm-thick aluminum (Al) layer are deposited using atomic layer deposition and physical vapor deposition, respectively. Then, the Al/Al 2 O 3 bilayer is patterned with the second mask for the metamaterial pattern, as shown in Figure 2e . After the CMOS fabrication process, the fabricated eSRR arrays are released using VHF. The cantilevers incorporated into the eSRRs bend upward due to the residual tensile stress of the Al/Al 2 O 3 bilayer, as shown in Figure 2f . An eSRR array with an overall size of approximately 131 cm 2 (83383 unit cells) is fabricated on a standard silicon wafer. Figure 3a -3c shows scanning electron microscopy images of the unit cell of the unreleased eSRR01,
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Characterization
The electromagnetic responses of the eSRR metamaterials were characterized by measuring the transmission spectrum of the metamaterials using THz time domain spectroscopy (TeraView TPS 3000; Teraview Ltd., Cambridge, UK) in transmission mode. The experimental measurements were performed at room temperature in a nitrogen-filled chamber. By recording the time-varying electric field of the impulsive THz radiation, and the amplitude and phase of the electric field spectra were directly obtained by performing a Fourier analysis. Transmission spectra were recorded for two orthogonal polarization states corresponding to the e-and o-polarization incidence. To experimentally verify the tunability of the proposed metamaterials, electrostatic actuation was realized by applying a direct current (DC) voltage between the interconnection lines merged at the edges of the array and the Si substrate.
Operation principle and mechanical simulation
The actuation of the cantilevers is based on the electrostatic attractive force between the released cantilevers and the grounded substrate when a DC bias voltage is applied. The operation principle of the device is illustrated in Figure 4a . In the initial state where the applied voltage V50, the bilayer cantilevers bend upward resulting from the initial stress induced in the Al and Al 2 O 3 layers during the VHF release progress. The mismatch in the thermal expansion coefficients of Al and Al 2 O 3 causes out-of-plane deformations of the bilayer cantilevers. The cantilever curves upward because the Al 2 O 3 is under compressive residual stress, while the Al film is under tensile residual stress. When the applied DC voltage V increases, the bilayer cantilevers are attracted from the initial position downwards to the substrate by the electrostatic force. At this balanced intermediate position, the deformation of the cantilevers is determined by the balance between the electrostatic force and the cantilever restoring force. When the voltage difference between the cantilevers and the substrate exceeds the critical voltage, known as the pull-in voltage, 52 the cantilevers become unstable and pull onto the substrate. Hence, the resonance frequency can be continuously tuned for applied voltages below the pull-in voltage V pull-in . Figure 4b shows a schematic drawing of the cantilever after being released. The radius of curvature of the cantilever is expressed by the following equation: where
h~2R sin 2 (h=2) ð4Þ
and subscripts 1 and 2 refer to Al 2 O 3 and Al materials, respectively; x is the vertical displacement of the released cantilever when a driving voltage is applied; t is the thickness of the thin films (t 1 520 nm and t 2 5500 nm); E is Young's modulus; a is the thermal expansion coefficient; I is the area moment of inertia; A is the area of the curved beam; and DT is the temperature difference within the fabrication process.
Because the height h of the deformed cantilevers is the most important factor for tuning the resonance frequency of the eSRRs, it is worthy to study the relationship between h and the driving voltage. The cantilever height h is proportional to the driving voltage, i.e., the electrostatic force. Generally, the polygon conformal transformation method, 54 a typical method for solving complex electromagnetic problems, can be used to obtain an analytical solution of the electrostatic force. Alternatively, a numerical method based on electromagnetic finite element analysis is adopted in this work. Under electrostatic actuation, the height h, which varies with the driving voltage, is analyzed by finite element modeling using COMSOL (Burlington, USA) multiphysics software. The finite element simulations were performed using the material parameters listed in Table 1 . The calculated relationship between the height of the cantilever and the driving voltage is illustrated in Figure 4c . For eSRR01 (eSRR02/eSRR03), the height h slowly decreases from h522 (33/45) to 3 (3/3) mm as the driving voltage changes from 0 to 16 (28/40) V and then sharply drops to zero when the driving voltage exceeds 16 (28/40) V. This result is due to the 'pull-in' 52 instability existing in many electrostatically actuated devices. Hence, the resonance frequency can be continuously tuned in the voltage range from 0 to V pull-in .
Electromagnetic simulation
Finite-difference time-domain (FDTD) numerical simulations were conducted to calculate the transmission spectra and the electromagnetic field distributions corresponding to the resonance modes with normally incident THz waves of either e-or o-polarization. Full-field electromagnetic wave simulations were performed using the commercial simulation software Lumerical FDTD with built-in material parameters (Al, Al 2 O 3 and Si) from the software's material library. In the simulation, a single unit cell of the metamaterial structures was simulated with periodic boundary conditions employed in axial directions orthogonal to the incident waves. The perfectly matched layers are applied along the propagation of the electromagnetic waves. Plane waves were incident into the unit cell, and the transmission spectrum was monitored with a power monitor placed above the structure. In the meanwhile, frequency profile monitors are used to detect the electric and magnetic fields.
RESULTS AND DISCUSSION
THz wave of e-polarization
The transmission of the three proposed metamaterial structures before the cantilever release was first investigated. The measured and simulated transmission spectra of eSRR01, eSRR02 and eSRR03 with epolarization incidence are shown in Figure 5 as circular symbols and solid lines. In this case, the electric field of the incident THz wave parallel to the split gap-bearing side of the eSRRs excites a circular current due to the charge asymmetry. As expected, there are two distinct resonances in the spectrum of eSRR01, as shown in Figure 5a . These resonances can be understood as plasmonic resonances of the entire structure with increasing order. 55 The low-frequency resonance is the inductive-capacitive (LC) resonance, where oscillating charges throughout the entire structure are excited due to coupling at the gap. This behavior corresponds to the fundamental plasmonic mode of the metamaterial structure. 55 The higher-order resonance is dipole-type electrical resonance due to the in-phase dipolar currents along the eSRR components parallel to the electric field of the incident THz wave. 18 This electrical resonance is a secondorder plasmon mode of the entire metamaterial structure. 55 Moreover, three resonances were observed in the spectra of eSRR02 and eSRR03, as shown in Figure 5b and 5c, respectively. The higher frequency dipole resonance undergoes multiple resonance splits as the split gap of the eSRR is moved from the center to the edge of the resonator. The dipole resonance splits into two resonances for eSRR02 (Figure 5b) , with the lower resonance at 0.52 THz and the upper resonance at 0.70 THz. For eSRR03, the dipole resonance splits into two resonances, with the lower resonance at 0.53 THz and the upper resonance at 0.67 THz, as shown in Figure 5c .
To further examine this novel resonance mode, FDTD simulations were performed to calculate the electric and magnetic field strength distribution at the resonance frequencies. Electric and magnetic field strength distributions corresponding to the resonance frequencies labeled as dashed lines in Figure 5a -5c are shown in Figure 5d -5f. For the LC resonance, the charges strongly accumulate in the split gap of the eSRR, and no significant magnetic field is found along the split gap-bearing side of the eSRRs at the fundamental resonant frequency for any of the resonators, indicating excitation of the LC resonant mode. For the dipole resonance of eSRR01 and the higherorder dipole resonance of eSRR02 and eSRR03, the magnetic field strength is primarily distributed along the eSRR arms and the cantilever parallel to the incident electric field, indicating dipole-type resonance. However, for the lower-order dipole resonance of eSRR02 and eSRR03, the charge is strongly concentrated at the ends of the 'split plate' rather than being concentrated in the split gap, with the magnetic field strongly concentrated on the cantilevers. The asymmetric field distribution indicates that this novel resonance mode results from the structural anisotropy of eSRR02 and eSRR03 caused by moving the 'split' gap from the resonator's center to its edge. To investigate the tunability of the proposed metamaterial structures, the transmission of the eSRRs with released bimorph cantilevers was measured. The released bimorph cantilevers used to reconfigure the metamaterial structures were actuated by an electrostatic force due to the DC bias voltage between the chained eSRR patterns and the silicon substrate. As an example, the measured and simulated transmission spectra of the released eSRR02 array at heights of 9, 5 and 0 mm are shown in Figure 6 . The observed variation of the resonance frequencies is highlighted by the shaded regions, where the transmission spectra are normalized from the minimum to the maximum. It is found that all of the resonances for the three kinds of resonator arrays have a red shift when the cantilevers are actuated down toward the substrate. This behavior can be qualitatively understood by examining the equivalent LC circuit analog of the eSRR. When the released cantilevers bend toward the Si substrate due to the increase in applied voltage, the total length of the eSRR unit cell remains unchanged, i.e., the effective inductance shows little change. However, the capacitance of the equivalent circuit increases as the split gap becomes smaller, resulting in a red shift of the resonance frequencies for the LC resonance. The same resonance shift is observed for the two higher-order modes. These higher-order plasmonic modes are excited because of the non-negligible spatial extension of the structure in comparison to the wavelength. 55 The effective size of the structure increases as the cantilever bends down toward the substrate. Hence, the resonance frequency decreases as the cantilever bends downward. To investigate the tunability of the released eSRRs, the dependence of the resonance frequencies on the height of the released cantilevers is plotted in Figure 7a and 7b, for the eSRR01 structure, the frequency of the LC resonance decreases from 0.45 to 0.31 THz, while the frequency decreases from 1.02 to 0.73 THz for the dipole resonance as the height of the released cantilever decreases from 22 to 0 mm. For the eSRR02 structure, the frequencies of the LC and dipole resonance modes decrease from 0.44 to 0.30 THz and from 0.98 to 0.74 THz, respectively, as the height of the released cantilever is decreased from 33 to 0 mm. For the eSRR03 structure, the frequencies of the LC and dipole resonance modes decrease from 0.47 to 0.22 THz and from 0.76 to 0.65 THz as the height of the released cantilever is decreased from 45 to 0 mm. By comparing the tunable range of the resonance frequency of these three resonators, it is found that eSRR03 has the largest tunable range of 0.25 THz for the LC resonance, while eSRR01 has the largest tunable range of 0.29 THz for the dipole resonance.
THz wave of o-polarization
Measured and simulated transmission spectra of the eSRR01, eSRR02 and eSRR03 metamaterial structures with unreleased cantilevers for opolarization incidence are shown in Figure 8 as circular symbols and solid lines, respectively. In this case, the electric field of the incident THz wave is parallel to the split gap without coupling to the capacitive element. The transmission spectra of the eSRR01, eSRR02 and eSRR03 metamaterial structures, as shown in Figure 8 , exhibit only one resonance. This unique resonance is the result of a superposition of responses of the connecting metal lines. 16, 56 This kind of resonant response results from the dipolar currents in the eSRRs as an analog to the higher-order resonance that occurs when the electric field is perpendicular to the connecting metal lines. 16 The electric and magnetic field strength distributions calculated for the resonance frequency are shown in Figure 8 . The electric and magnetic field strength is high in the eSRR arms rather than along the curved cantilevers. Hence, the movement of the split gap has a trivial effect on the transmission spectra.
Measured and simulated transmission spectra of the released eSRR01, eSRR02 and eSRR03 arrays at cantilever heights of 9, 5 and 0 mm are shown in Figure 9 . In contrast to the observation for epolarization incidence, the frequency of the Drude-like resonance is unaltered as the height of the released cantilever changes from 9 to 0 mm due to the actuation. The different transmission responses due to the e-and o-polarization incidence as a function of cantilever position are primarily due to the resonant features of the eSRR patterns. For e-polarization incidence, the electric field strength is mainly confined in the split gap for the LC and higher-order dipole resonance modes, while the electric field and magnetic field strength is mainly concentrated at the cantilevers for the lower-order resonance mode of the anisotropic eSRRs. However, the cantilevers have a trivial effect on the Drude-like resonance for o-polarization incidence. Therefore, the change in the curved profile of the cantilevers has a significant effect on the observed resonance modes for e-polarization incidence due to the structural change of the split gap. are fabricated based on a CMOS-compatible process. By varying the position of the split of the electric split-ring resonators, the dipole resonance modes split into two resonances. Together with the fundamental modes of the eSRRs, the split dipole resonances can be tuned by bending the incorporated cantilevers out of plane when the electric field of the incident THz wave is perpendicular to the split gap of the eSRRs. In contrast, the resonance frequencies are not tunable when the electric field of the incident THz wave is parallel to the split gap of the eSRRs. Hence, the tunability of the proposed structures is dependent on the polarization of the incident THz waves. Numerical simulations reproduce the experimentally measured results with reasonable agreement. The observed polarization-dependent properties may be desirable for potential applications in the development of polarization-sensitive THz polarimetric devices. Furthermore, the approach presented here is not limited to THz frequencies but can be readily extended over the entire electromagnetic spectrum. 
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